The initial density profile of a beam has long been recognized as an important factor in determining its evolution (i.e., emittance growth, instabilities, etc.) [Z]. A less appre- Lund et al. [71,lating to experiments at Lawrence Berkeley National Laboratory, exhibit density oscillations similar to Gluckstern modes, in a beam whose initial temperature or density pro- 
onset and evolution. An aperture induces the Perturbation in the particle distribution in an initially freely-expanding beam. Simulations show that the effect of the aperture can be modeled approximately by a beam with an initially semi-Gaussian particle distribution with a temperature profile. Furthermore, simple tracking of test particles initially near the aperture's edge reproduce well the Onset Of the perturbation. For the parameters investigated, simulations further indicate that the perturbation damps out over a few plasma periods without causing any emittance growth. puter simulations, for the Occurrence of wave-like transdensity oscillations in an electron beam, The beam is perturbed by an aperture near the source. giving rise to an initial distribution that is far from equilibrium around the beam,s edge, Two transport experiments Over a dis. of one meter with similar overall focusing strengths (as given by the zero-current phase advance in the and Figure 1 shows the schematics of a transport experiment with three short solenoids ofthe type employed extensively The initial density profile of a beam has long been recognized as an important factor in determining its evolution (i.e., emittance growth, instabilities, etc.) [Z] . A less appre- Fig. 2(a) ], and near the plane between quadrupoles 2 and 3 in the solenoid-quad lattice, also about 45 cm from the aperture [ Fig. 2(b) ]. Further downstream, the ring moves inwards relative to the beam's edge, and a second ring emerges around 85 cm from the aperture. To aid in understanding the experiment, we have conducted 2-D and 3-D PIC simulations using the code WARP [9] . Details of the numerics and modeling of focusing elements are described thoroughly elsewhere in connection with simulations of the Maryland Electron Ring [ 101 and prototype injector experiments [ll]. As is evident from Figs. 2(a)-(b) (bottom) , the rings are also observed in the simulations, and agreement between the simulation and the experiment is good, although a difference in the phase of the perturbation is seen.
The simulations especially address the role of initial conditions. The phase of the perturbation is sensitive to the temperature profile, so starting the simulations at the beam waist upstream from the aperture [ Figure 2(d) ], and fully modeling the latter, yields the hest agreement with experiment. Alternatively, a semi-Gaussian distribution with a parabolic temperature profile right after the aperture produces similar results.
We gain additional insights for understanding the density perturbation when we replace the truncated distribution in the simulation with an rms equivalent equilibrium distribution, such as a K-V. In that case, no rings appear whatsoever, and the beam distribution remains K-V for the rest of the channel. This leads us to believe that the wave-like perturbation is the result of a large force imbalance or lack of equilibrium in a sheath at the beam edge, right after the aperture. As seen in Fig. 2(d) , middle plot, the phase space is trapezoidal and tilted, with anomalous particle populations with relatively large velocities near the beam edge. In addition, the distribution lacks the spatial tails of an equilibrium thermal distribution (Maxwell-Boltzman), which are of the order of a Debye length [12] . In our case, the Debye length is 0.74 mm, which is non-negligible when compared to the beam radius near (and downstream of) the aperture, so the fraction of "missing" panicles in a sheath one Debye length is significant. In summary, the truncated distribution is not only a non-equilibrium distribution, but also one where the departure from equilibrium is confined to the beam edge. As a consequence, the beam edge particles experience space-charge forces that are very different from those affecting the particlcs in the bulk of the beam. The resulting beam evolution in simulations of the solenoid-quadrupole case can be seen in the last two phasespace plots of Fig. 2(d) .
Tracking of test particles moving near a model K-V beam (i.e. assuming the space charge forces arise from a uniform density beam with a sharp edge) reproduces correctly the onset of the perturbation in all experiments. In the model, test particles leave the beam near the edge of the aperture and are focused back into the beam. These results suggest that an electron flow component exists that explains the appearance of the first ring; the second ring, however, is most likely the result of a perturbation induced by the initial flow.
Finally, to examine the long term evolution of the beam, simulations were done in a uniform focusing channel over a distance of 20 m. The simulations are a "smooth approximation" version of the three-solenoid case, i.e. the beam has the same generalized perveance, and it's matched so its radius is constant, comparable to the average beam size in the experiments. As seen in Figure 2(c) , the perturbation appears at a distance of ahopt 70 cm from the aperture, and the oscillations persist for a few plasma periods (A, -1 m in this case) and eventually diminish in amplitude as the beam evolves into equilibrium. Over the extent of the simulations, we observe no emittance growth associated with the perturbation, unlike other relaxation mechanisms [12] . Instead, the emittance oscillates slightly about its initial value, then levels off as the perturbation damps out.
Since collimation is used in many systems, the phenomenon described here may be fairly universal and worth of additional studies. First, a wider range of parameters and conditions (generalized perveance, emittance, aperture size and location, external focusing, etc.) in both experiment and simulations has to he explored to answer important questions about scaling, stability of the oscillations and emittance growth. Secondly, the suggestion that the collective phenomena involves two components must be further studied to understand the extent of the particle-flow component and how it gives rise to a transverse wave.
